This paper examines the possibility of using a Multi-Rotor Unmanned Aircraft System (MUAS) for atmospheric flow measurements around a tall building. This novel sensing approach is proposed, whereby we attempt to determine the oncoming flow velocity magnitude and direction from measurements of the power required by each of the MUAS rotors. Extensive wind-tunnel testing was completed to determine the power required by the fore and aft rotor-pairs at varying flow velocities and directions. The results show that it is possible to map between rotor power consumption and the oncoming flow vectors, however, a unique and accurate mapping is only possible over a very small region of the measurement space. Thus, it is concluded that the practical use of this sensing method is limited. Examination of power consumption curves also revealed that the conditions under which a Vortex Ring State (VRS) develops for small MUAS. The characteristics of VRS development are similar to those of full-size helicopters, indicating that the VRS is Reynolds number independent. The reduction in power consumption due to the presence of updraft flows of various magnitudes was also quantified, indicating that significant endurance improvements of MUAS are possible and can be achieved when operating windward of large buildings.
NOMENCLATURE

A
Area of actuator disk (m 2 ) P Power of one rotor disk (Watts) P h Power required to hover (Watts) P t Total power (Watts) v Incident flow speed (kmh -1 ) Φ Incident flow angle (°) R Non-dimensional coefficient of flow ρ Density of air (kgm -3 ) T Thrust required to hover (N) V V elocity (ms -1 ) U V elocity of flow through actuator disk (ms -1 ) E ∆ Endurance improvement factor
INTRODUCTION
Multi-rotor Unmanned Aircraft Systems (MUAS) have grown in popularity due to their practical and cost effective uses in aerial photography and video [1] . In Australia, an estimated 67% of UAS operators use multi-rotor platforms, in applications such as infrastructure inspection and aerial photography [2] . In the year ending January 2015, the number of UAS operators in Australia was estimated to have grown by 173% and this trend is set to continue in the short to medium term. These systems have increasingly higher levels of autonomy, achieved through the use of autopilots, costeffective micro-electromechanical sensors and global navigation satellite receivers. A typical MUAS is shown in Figure 1 . When flying at a constant velocity (with respect to the air) there is a unique relationship between the thrust from each rotor and a desired flight condition [3] . This relationship is complex, and autopilot assistance is required to translate normal flight commands for pitch, yaw and roll into rotor thrust demands [4] . As such the focus of research to date has been on multi-rotor control, with the goal of improving manoeuvrability, controllability and safety under a range of mission profiles [5] . MUAS are commonly equipped with Electro-Optical / InfraRed (EO/IR) cameras, hyper-and multispectral cameras, and Light Detection and Ranging (LIDAR) sensors. This lends them to applications such as search and rescue, infrastructure inspection, law enforcement, aerial photography, and surveying. One particular application for MUAS that has not yet been explored is their use for measuring wind and turbulence, particularly around buildings.
Flow mapping around buildings is used to inform building design and for the optimal siting of wind turbines for urban and city installations [6] [7] [8] . There are a number of practical difficulties in the measurement of wind around large buildings. The most common method is to use scale models and wind tunnels, and more recently, computational fluid dynamic (CFD) simulations [7, 9, 10] . Figure 2 shows the measured flow angle around a scale building determined from wind tunnel testing of a scale model [11] . Velocity vectors were measured by traversing a four-hole pressure probe by Cobra Probe TM TFI Inc around the model as well as some limited measurements from masts on the side of the building.
However, flow mapping using wind tunnels and CFD simulations are also not without their own challenges. Difficulties include the inability to correctly scale Reynolds number in model scale and the impracticality of multi-hole measurements in full scale. The resolution and accuracy of CFD simulations are limited, and are computationally intensive and only offer approximations of the wind field [7] . A review of the state-of-the-art can be found in [12] . Hence there is opportunity to explore new means for in-situ wind and turbulence field mapping around large buildings.
To date there has been no research into the use of small UAS in the measurement and mapping of flow structures. UAS have previously been used to make atmospheric measurements [13] . This concept has been explored on a fixed wing UAS by simply using ground speed and flight path azimuth information to resolve an approximate wind vector [13] . Wind field estimation based on in-flight measurements have been used for autonomous UAS thermal soaring [14] [15] [16] .
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International Journal of Micro Air Vehicles In this paper, we explore the use of MUAS for real-time measurement of wind around a large building. It is envisaged that a coordinated "swarm" of MUAS could provide simultaneous, multiple, real time, "point" measurements of the wind conditions about structures, both man-made and natural. Such a measurement concept would have significant advantages over alternate sensing technologies such as LIDAR, which are expensive, limited in resolution and spatially-average measurements over a relatively large area.
For such application, the MUAS will need to be equipped with atmospheric sensors, such as hot wire anemometers, multi-hole pressure probes, or Pitot-static tubes. However, the additional weight and power required by these sensors would reduce the endurance of the MUAS and (unlike forwardmounted probes on fixed-wing aircraft) would need substantial correction for the flow field unless the probes can be mounted beyond the flow effects of the MUAS's rotors. Typically MUAS have a maximum endurance between 10 and 20 minutes. Accurate atmospheric measurements require long sample times, in the order of minutes at each discrete measurement location to resolve for low frequency wind oscillations. Hence, efforts to improve MUAS endurance are required.
In this paper we propose a novel sensing method that does not require the incorporation of additional sensors. Rather, the proposed approach uses measures of the power provided to each of the MUAS rotors to estimate the magnitude and direction of the incident flow. The proposed system would mean that no additional sensor hardware is required (beyond motor current sensors, which many MUAS already possess). Thus, existing MUAS could be readily used for atmospheric measurements with only minor changes to software.
The application of the MUAS as a flow sensor does come with its own set of challenges. One relevant and foreseeable challenge is the presence and influence of the Vortex Ring State (VRS) when the MUAS is subjected to an updraught flow. Helicopters experience VRS at a range of decent angles which pilots are instructed to avoid. It reduces the effectiveness of the helicopter blades due to a closed loop of circulating flow around the tips of each blade [17] . The initial manifestation induces rotor thrust fluctuations before a full VRS development. To maintain the appropriate lift an increase in power must be increased above normal to counter the induced aerodynamic loss [18] . This is a highly dynamic situation which is sometimes violent in its creation if the blades are exposed to steep descents [19] . The steep descent attitude is synonymous to the MUAS in an updraught flow. There has been some research in MUAS VRS development, however none address steep descent flight profiles or updraught flows [18, 20] . It is unclear if the VRS occurs similarly to helicopters due to a multi-rotor configuration. It is also unclear if the rotors themselves develop a VRS independently or is subject to interacting flow for each rotor.
The research presented here evaluates the feasibility of using a MUAS as a flow-sensing platform. The aerodynamics of a MUAS in an incidence flow scenario is also explored, and is shown to exhibit similar behavior to full-sized helicopters. It is demonstrated that placing a MUAS in an updraught region is beneficial in terms of endurance. This added potential benefit is also measured.
The first section of the paper briefly introduces the proposed concept for flow measurement. The experimental setup is described in Section §3, and the results presented from an extensive series of wind tunnel tests are described in Section §4. The feasibility of the proposed sensing approach is discussed in Section §5.
FLOW MEASUREMENT USING DIFFERENTIAL THRUST
The proposed measurement works on the simple concept of a balancing of forces, explained graphically in the free-body force diagram presented in Figure 3 . Here the MUAS is held stationary relative to the ground in the presence of a wind (where the wind may or may not be horizontal). When flying at a constant speed in the horizontal plain the drag balances the resolved component of the thrust induced by the tilted angle of the MUAS. This is similar to the MUAS holding stationary in a horizontal wind. If we now consider a more general scenario where the MUAS is held stationary in a non-horizontal wind field (such as in the proximity of a building) we must also account for the angle between the relative wind vector and the horizontal axis (Φ).
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International Journal of Micro Air Vehicles Experimentally determining the hub drag is problematic but as an example we assume a drag coefficient of 1.28 (the coefficient of a flat plate at 90 relative to the oncoming flow) using equation 1 [21] . If we assume the MUAS is maintaining a fixed position in proximity to a building, the horizontal drag force is balanced by the resolved component of the horizontal thrust potion induced by the forward tilt. The projected frontal area (A P ) is a function of incident flow angle and was determined using equation 2 where the maximum width and length of the hub is 150mm and thickness is 60mm.
(1) (2) Figure 4 graphically displays the relationship between the wind incidence angle and the horizontal drag contribution of the hub for each wind velocity. Figure 5 takes the inverse tangent of the horizontal drag to calculate a forward tilt angle to correct for the horizontal drag and produce an equilibrium state. The relationship between horizontal hub drag and incidence angle may be overestimated in this case as a conservative drag coefficient was used. It must also be noted that the hub may not experience flow at the same orientation or velocity as the oncoming flow field due to the interference of the forward rotors, which may reduce the amount of drag produced. In consideration of these points, the maximum horizontal drag of the hub is approximated at incidence angles between 35 and 40 degrees through the range of incidence angles. Furthermore the horizontal drag for the lower flow velocities (10 -30km.h -1 ) are less than 0.7N and represent a maximum corrective tilt angle of 2.2 degrees. The horizontal drag contribution converges to zero as we approach the 90 degree incidence angle which represents a vertical incidence scenario. The most probable vector-sensing scenario would be one where the incident flow vector is between 0 and 20 degrees. The maximum horizontal drag at 50kmh -1 would approximate to 1.9N, which translates a corrective tilt angle of approximately 6-7 degrees. Although this result is significant, the real contribution may be lower than predicted due to the reason already stated. In the most probable flight scenarios (Φ <~ 25 o , V <~ 40kmh -1 ) the maximum corrective tilt angle is approximately 4 degrees. In this study we assume that the horizontal drag contribution is negligible considering the over predictive nature of the study and relatively low frequency of corrective tilt angles over 5 degrees.
To balance the forces required for the MUAS to hold a constant position the thrust required from the forward and aft rotor pairs will be different and is a function of the incident flow vector and the weight of the MUAS. Thus, if the thrust and mass of the MUAS are known, then it should be possible to calculate the incident flow magnitude and direction.
EXPERIMENTAL SETUP 3.1. Quadrotor Aircraft
The MUAS used for experiments was a conventional four-rotor "X" configuration, see Figure 1 . The MUAS was designed and manufactured at RMIT University. The motor-to-motor cross length was 700mm, with the majority of the MUAS manufactured from carbon fibre. Extended centre plates enabled mounting of sensing equipment. Specifications of the various MUAS components are shown in Table 1 . The current draw from each rotor was measured using a Pololu ACS714 current sensor with nominal error of +/-1.5%. Rotor voltage was measured by creating a voltage divider circuit between the main battery and the Electronic Speed Controllers (ESCs) to reduce the voltage sensing range to 0-5V. The analogue signals from the sensors were digitized using the 10-bit analogue to digital converters on the Arduino Pro-mini micro controller. Data was then transmitted wirelessly through an X-bee UART system at 2.4GHz to a receiving unit which is capable of receiving digital UART data at a baud rate of 250 kbit/s. This data was then read by a laptop computer which transferred the UART digital signal to readable values. A calibration was performed to ensure that the data read by the laptop was a direct representation of the voltages received by the on-board Arduino micro controller. A portable voltmeter was used to read a range of voltages from the voltage divider directly; this was directly compared to the voltage readings on laptop receiving wireless communications. Typical error between the voltmeter and laptop reading was less than 4% and was linear throughout the voltage range tested. The Xbee communication protocol is common to MUAS systems and can be used for various forms of data transfer and communications as it allows a multiplexed send and receive protocol.
Wind Tunnel Setup
The RMIT Industrial Wind Tunnel facility was used for all experiments. The tunnel is a return cycle configuration and has a 9 x 3 x 2 m working test section. The nominal turbulence intensity within the tunnel is 1.2% for all of the tests [22] . A Cobra Probe TM fixed to traversing gear was used to verify the uniformity of the flow across the wind tunnel test section.
The MUAS was mounted in the wind tunnel and connected to the active side of a 6-DoF force balance (JR3) with a normal accuracy of +/-0.02N. The non-active side of the force balance was mounted to an electronically controlled turntable (with a rotational accuracy of 0.01°). The MUAS was rotated at intervals of 10°to replicate discrete incidence angles. A plan view of the wind-tunnel setup is provided in Figure 6 . Figure 7 shows the MUAS mounted on the force balance and oriented at an angle of φ = 90°relative to the flow. This particular angle simulates the condition of hovering in a purely vertical wind flow, or alternatively a steady vertical descent.
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Measurement
To replicate a hovering flight state, the thrust of each rotor must be adjusted to simulate equilibrium. In other words, the following four conditions must be met: 1.
The net lift must equal the weight of the MUAS (18.54N) including any drag component taken from the same direction as the lifting vector; 2.
The component of force perpendicular to the lift vector must be zero; 3.
The net moment about the centre of gravity must be zero.
4.
The side force relative to the MUAS must be zero. These conditions were met by altering the thrust of the forward and aft rotors with the aid of two separate radio transmitters. Once these conditions were satisfied, voltage and current data were acquired at a rate of 5Hz for 30 seconds. Voltage and current data were time-averaged and multiplied to obtain power. Although the MUAS used nominally identical motors, ESCs and propellers for each rotor, the efficiencies for each rotor could not be assumed equal. Each rotor system was individually tested to compare the power requirements needed for an equal amount of thrust. The data were used to create a calibration factor for each rotor to account for any inconsistencies in the power draw between each rotor system. The correction factors were applied in the post processing of the data.
Power consumption is non-dimensionalised by dividing the measured power consumption (P t ) by the power required to hover in a still air environment (P h ). In this instance, the power required to maintain hover, in a still air environment, was experimentally determined to be 206W. 
RESULTS
Total Power Consumption
The MUAS was tested under various incidence velocities (10 ≤ V ≤ 50kmh -1 ) and a range of incidence angles (0°≤ φ ≤ 90°). φ = 0°corresponds to the hovering state with a direct headwind. In reality this flow condition could not be possible as counteracting the headwind would require the MUAS to tilt into the wind, producing a forward thrust component, which results in φ ≠ 0°. Nevertheless, the headwind state provides a baseline for comparison.
The non-dimensionalised total power consumption for each combination of flow velocity, V, and incidence angle, φ, is shown in Figure 8 . The shaded area represents incidence angles likely to occur in the windward side of a large rectangular building (derived from Figure 2) , and bounds the range of interest. In this range, there is a common trend of decreasing power consumption as φ increases.
Distinct minima in power consumption can be observed for φ around 40-50°, for v up to 25kmh -1 . For the 10kmh -1 test case, the oncoming flow did not provide significant power reduction and the QUAS required more power to hover at incidence angles greater than 40 degrees than it did to hover in still air. The increase in power required at high incidence angles for velocities up to 25kmh -1 suggests that the rotors are in a Vortex Ring State (VRS). The VRS not only produces flow unsteadiness but also requires increased power to maintain hover.
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International Journal of Micro Air Vehicles The VRS diagram of a typical helicopter is shown in Figure 9 . Similar diagrams are used by helicopter pilots to select safe decent angles and avoid the VRS [6] . In the original diagram, velocities were nondimensionalised by the induced velocity at the rotor in hover. In Figure 9 , the velocities have been nondimensionalised by an approximation to the induced velocity determined using actuator disk theory (given in Equation 3 ).
Where U υ/h is the vertical (v) or horizontal (h) flow velocity, is the nondimensional coefficient of either incidence or horizontal flow, T h is the hovering thrust in Newtons per rotor disk, ρ is the density of air, and A is the area of a single rotor disk.
The VRS graph reveals where the VRS state is most likely to occur with lightly shaded area representing the transient flow state and darker shaded area representing a fully developed VRS state. Features of the VRS graph can be linked to results in Figure 4 by converting the magnitude and angle into horizontal and vertical components. For example, V = 25kmh -1 and φ = 70°corresponds to U h = 8.55 kmh -1 and U V = 23.49 kmh -1 . The VRS graph suggests that in this condition the rotors would be in a VRS.
Incidence velocities greater than 25kmh -1 displayed an asymptotic reduction in power for increasing incidence angles. It is clear that under these flow conditions no rotor is in VRS but instead in a windmill brake state.
Differential Power Measurements
The differential power between the forward and aft rotors is needed to determine the angle of the incident flow. The power readings from each rotor are shown in Figure 10 . Small differences exist between the two forward, and two aft motors due to the accumulation of various errors such as efficiency differences in the motors, propellers, ESC and other elements of the propulsive system, however these errors are no greater than 4% in all test cases.
At low incidence angles, the aft rotors require greater power to maintain hover and a zero net pitching moment. Aerodynamic studies of tandem helicopters have revealed that the forward and aft power requirements are mostly unequal at various flight states. This is mainly due to the flow interaction between the forward and aft rotors (For instance, the Chinook helicopter requires the aft rotor to produced more power than the forward rotor in forward flight as the aft rotor lies in the downwash wake of the forward rotor, [7] ). It is logical to assume that the forward and aft rotors of a MUAS would exhibit similar behaviour. Thus the difference in power between the aft and forward rotors required to maintain hover is likely to be due to the induced downwash produced by the forward rotors. As expected, when incidence angle φ is increased, the power requirements of the forward and aft rotors begin to converge. At φ=90°there is complete fore-aft symmetry and the forward and aft power requirements are nominally equal.
Increasing the oncoming flow velocity V to between 20-25kmh -1 appears to incite formation of the VRS at high incidence angles. This conclusion is reached from the fact that power required first decreases and then increases when at high incidence angles (φ ≥~40°). The aft rotors appear to enter into the VRS at an incidence angle of approximately 50°, corresponding to the dark shaded region on the VRS graph ( Figure 9) ; meanwhile the front rotors displayed a gradual increase in power consumption for φ ≥ 50°. This is assumed to be the cause of the induced downwash from the forward rotors that contributes to the formation of VRS. The relationship between descent angle, airspeed, and VRS development typical of traditional helicopters agrees well with the conditions under which the VRS was observed for the MUAS (Figure 10 ). This result suggests that VRS formation is Reynolds number independent given that the MUAS was tested at a Reynolds number 100 times less than that of a typical full scale helicopter.
Power consumption trends for the forward and aft rotors stabilise for oncoming flow velocities of 30kmh -1 and above, as to be expected. Maximum power differential occurs at the pure headwind scenario (φ = 0°). Both pairs of rotors follow as asymptotic trend and converge with little power differential above φ = 50°in all of these cases. There is no evidence to suggest any development of a VRS. It can be concluded that for oncoming flow above 25kmh -1 in speed does not permit VRS development, agreeing with the VRS plot (refer to Figure 9 ) as the vertical and horizontal flow vectors indicate a flow condition outside the shaded regions of VRS.
An Evaluation of Multi-Rotor Unmanned Aircraft as Flying Wind Sensors
UTILISING THE QUADROTOR FOR FLOW MAPPING 5.1. Resolving Magnitude and Angle of the Updraft Flow
The problem of resolving the incidence flow magnitude and angle from measurements of total and differential power will now be addressed. The mapping between measures is described as a bijection between the two-dimensional space of total and differential power measurements, and the twodimensional space of possible oncoming flow velocity magnitudes and angles (or equivalently horizontal and vertical velocity components). The properties of this mapping can be explored by plotting contours of total and differential power in V-φ space, as shown in Figure 11 . In this figure, φ has been limited to 0-45°, which represents the range expected in the case of incidence flow on the windward side of a building. Such a priori knowledge helps to reduce the size of the v-φ space within which a unique mapping must exist. Referring to Figure 11 , the solid lines represent total power, P t , and the dashed lines represent differential power, P d . Converting a P d -P t measurement into v and φ can be achieved graphically by finding the intersection of two relevant P d and P t contours. If more than one intersection exists then it is not possible to uniquely resolve that particular P d and P t combination to a unique measure of v and φ.
As can be observed in Figure 11 , the majority of the combinations of P d -P t contours exhibit multiple intersections, indicating that it is not possible to uniquely map the power measurements to measures of v and φ. Regions of the v and φ space that generally exhibit unique mappings are for low flow speeds (v < ~25 km.hr -1 ) and angles (φ < ~5°). A second region of unique mappings can be observed in the region of flow speeds between ~15 and ~25 km.hr -1 , for angles between ~20°< φ < ~40°.
The small regions of unique mappings indicate that it is possible to use measures of thrust to resolve flow magnitude and direction. However, the limited regions in which a unique mapping exists, significantly limits the practical use of this sensing approach for MUAS. It is worth noting that the mapping generated and illustrated in Figure 11 is unique to the MUAS configuration and in particular, its drag profile.
Accuracy of Mapping
The problem of resolving the incidence flow magnitude and angle from measurements of total and differential power will now be addressed. Successfully doing this requires there exist a bijection between the two-dimensional space of total and differential power measurements, and the twodimensional space of possible oncoming flow velocity magnitudes and angles (or equivalently horizontal and vertical velocity components). The properties of this mapping can be explored by plotting contours of total and differential power in V-φ space, as shown in Figure 11 . In Figure 11 , φ has been limited to 0-45°, which represents the range expected in the case of incidence flow in front of a building. Such a priori knowledge helps in reducing the size of the V-φ space over which a unique mapping must exist. Solid lines represent total power and dashed lines represent differential power. Converting a P d -P t measurement into V and φ can be done graphically by finding the intersection of the two relevant contours. The existence of multiple intersection points indicates that the mapping is not unique, and it is not possible to uniquely resolve a combination of V and φ for that case. The orthogonality of the P d and P t contours at the intersection point of interest provides a local measure of the accuracy of the mapping. Where the contours are orthogonal, an accurate solution can be expected, while in instances where the crossing contours are close to parallel it would be difficult to resolve V and φ accurately. (4) A measure of the local orthogonality of the contours is shown in Figure 12 . This was calculated as . It can be seen that regions in which reasonable accuracy can be expected are limited. 
Improvement in Endurance
Due to the operational capability of the MUAS design, it is advantageous to improve its operational endurance. The incidence flow field scenario provides the possibility to reduce the power required to hover. Figure 13 represents the endurance benefit of various incidence flight scenarios where the contours represent the magnitude improvement of endurance. Endurance improvement factor is calculated by E ∆ = Ph / Pt .
Matthew Marino, Alex Fisher, Reece Clothier, Simon Watkins, Samuel Prudden 297 and Chung Sing Leung Volume 7 · Number 3 · 2015 The most significant endurance improvements occur predictably at the high velocity high incidence angle flight scenario. Incidence flow velocity above 40kmh -1 , coupled with flow incidence angles greater than 40°give an endurance improvement of approximately 150%. At probable operational scenarios the endurance benefit remains significant. Form a practical perspective, wind rose data applicable to the Melbourne city area has measured northerly winds at velocities greater the 30kmh -1 (at 35m elevation) are most frequent throughout the yearly cycle [23] . Using this weather condition we can assume that the MUAS studied here, situated approximately 10m from a building's rooftop edge enables a minimum operational endurance improvement of approximately 50%. Closer building proximities will further expand the endurance and offer improvements in the order of 100%. These improvements are significant and offer an expanded operational capability, which is achievable without major design/modification efforts to the MUAS.
CONCLUSIONS AND FUTURE WORK
The experimental approach discussed here offered insight into the MUAS aerodynamics and also an operational approach to expand the endurance capability without the need for redesign or modification. It was observed that the ambient flow conditions required for the development of the VRS appeared to be largely independent of Reynolds number as they closely matched those applied to full-scale helicopters. Furthermore there is significant advantage in terms of a reduction in power required to maintain flight when the MUAS was in an updraft. Minimum MUAS endurance improvements of approximately 50% were observed for incidence flow velocities greater than 20kmh -1 . Greater winds and closer hovering proximities to the edge of the building would result in higher endurance improvements. Although measuring the flow vector around a building is valuable, it can be logically assumed that the power required to hover directly correlates to the potential energy in the flow. Mapping power reductions or endurance benefit around a building will identify a point of maximum benefit for rotary and fixed wing aircraft. This point could be used as a "Green Waypoint" for an unmanned aircraft to hover and conserve energy and improve their endurance.
In certain limited instances the oncoming flow vector can be resolved. Although limited, the study reveals that this form or sensory method could indeed be viable with further research efforts. The majority of solution quality is found for flow velocities less than 25kmh -1 . Larger flow velocities reduce the accuracy of resolving the vertical wind vector which is problematic if this system was to be used to sense winds around high rise buildings. It is also unclear on how different rotors at various diameters and pitch and motors influence the accuracy of the results. There may be an optimum motor rotor combination that could improve the regions of acceptable wind vector resolution for a 4 rotor configuration, a research direction that could be explored in future developments. It can be concluded that, in general, a quasi-symmetrical MUAS cannot resolve flow vectors using power measurements alone for the majority of the sensing matrix. However, sensing incidence flow angles windward of large buildings may still be possible with different MUAS configurations (such as a hexrotor UAS). This may improve the solution quality when resolving the vertical flow vector especially at angles less than 25 degrees. Furthermore, different centre hub designs and additions such as vanes may yield a greater power differential between forward and aft rotors, providing a larger region of unique mappings. Windtunnel experiments using different hub designs could provide information to optimise the hub-design for flow angle sensing purposes. Substantial improvements in resolving the flow vector could be made if the magnitude of the oncoming flow is known. This could be achieved by an additional measurement method, such as a protruding Pitot tube situated sufficiently away from the flow field caused by the aircraft's rotors. This would in turn allow for smaller mapping regions where flow angles can be resolved uniquely with sufficient accuracy.
Quadrotor UAS are extensively used for a variety of civil and military applications. Sensing incidence flows through the proposed method has many potential benefits in terms of cost reduction, improvements in aircraft performance, and improvement in the measurement of flow structures surrounding buildings. Although more research and development methods are needed, a MUAS is more than capable of locating flow regions around a building requiring minimal energy from on-board sources, thus increasing its endurance.
